ABSTRACT The aim of this study was to assess the effects of purified polymannuronate (PM) obtained from marine brown algae on the performance, antioxidant capacity, immune status, and cecal fermentation profile of broiler chickens. In a 42 d experiment, 540 (average BW 43.77 ± 1.29 g) 1-d-old Arbor Acres male broilers were randomly divided into 5 treatments with 6 replicates of 18 chicks and fed a corn and soybean meal (SBM)-based diet supplemented with 0, 1, 2, 3, or 4 g/kg polymannuronate. Adding polymannuronate to the broiler chickens' diets resulted in a significantly increased ADG and improved feed conversion compared with the control treatment. From d 1 to 42, the ADG of broilers fed 1, 2, 3, or 4 g/kg of polymannuronate was increased by 2.58, 4.33, 4.20, and 3.47%, respectively. Furthermore, parameters related to immune status, antioxidant capacity, and composition of the cecal microflora in broiler chickens fed the polymannuronate-containing diets were altered compared with broiler chickens fed a diet without polymannuronate. Supplementation with polymannuronate significantly increased the concentrations of lactic acid and acetic acid in the cecum compared with the control group. The results indicate that polymannuronate has the potential to improve broiler chicken immune status, antioxidant capacity, and performance.
INTRODUCTION
Polymannuronate (PM), which exists as part of alginate, is a polymer of (1-4) linked β-D-mannuronic acid. Alginate is a linear polymer of polysaccharides isolated from marine brown algae and is composed of (1) (2) (3) (4) linked β-D-mannuronic acid and (1-4) linked α-L-guluronic acid (Haug et al., 1967; Larsen et al., 1970) . The immunologic potential of polymannuronate has been reported in several in vivo animal models (Skjåk-Braek et al., 2000) . The β-D-mannuronic acid content as well as the molecular weight of the alginate determines its immunological activity. Alginates with a high β-D-mannuronic acid content, typically higher than 80%, have been shown to possess antitumor activities and stimulate the production of cytokines such as interleukin-1, interleukin-6, and tumor necrosis factor (TNF) α (Otterlei et al., 1991; Skjåk-Braek et al., 2000) . Sodium alginate oligosaccharide was able to completely inhibit lipid oxidation in emulsions and showed radical scavenging activity toward hydroxyl (OH·) and superoxide radicals (O 2 − ), which might explain their excellent antioxidant activity (Falkeborg et al., 2014) .
Low molecular weight alginates have been proposed as a potentially useful prebiotic (Wang et al., 2006; O'Sullivan et al., 2010 ) that can cause the competitive exclusion of pathogenic microbes and selective colonization by beneficial microbes (Biggs et al., 2007) . Polymannuronate is very susceptible to fermentation by intestinal microbes. Alginates rich in polymannuronate have gastrointestinal and systemic health properties while other dietary fibers do not (Brownlee et al., 2005) . The microflora in the gastrointestinal tract of broiler chickens plays an important role in host nutrition, health, and performance during the early phase of broiler growth (Barrow, 1992; van Der Wielen et al., 2000) . Dietary sodium alginate oligosaccharide can decrease Salmonella colonization and improve chickens' intestinal barrier function. Broilers fed sodium alginate oligosaccharide at 0.02 and 0.04% had significantly higher BW than those fed diets without sodium alginate oligosaccharides supplementation at 10 and 20 d postchallenge with Salmonella Enteritidis (Yan et al., 2011) . Weight gain was faster for pigs fed diets with high levels of β-D-mannuronic acid alginate compared with a control (Gaserod and Dessen, 2011) .
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Highly purified low molecular weight polymannuronate has not previously been used as a feed additive in poultry diets. Therefore, our study aimed to explore the potential of purified polymannuronate as a novel feed additive and determine the influence of dietary polymannuronate on performance, antioxidant capacity, immune status, intestinal microflora, and volatile fatty acid concentrations in broilers.
MATERIALS AND METHODS

Preparation of Polymannuronate
The polymannuronate used in this study was provided by the National Engineering Research Center of Marine Drugs, Ocean University of China (Qingdao). The PM used in this study was produced by acid hydrolysis and pH fractionation of alginate obtained from brown algae (such as Laminaria hyperborean, Macrocystis pyrifera, Lessonia nigrescens, and Ascophyllum nodosum) with some modifications (Haug et al., 1967) . Briefly, purified sodium alginate was dissolved in 0.5 M HCl solution to a final concentration of 8% at 100
• C for 8 h. The mixture was centrifuged at 1,500 × g for 10 min at 4
• C, and the resulting precipitation was redissolved in 8% Na 2 CO 3 , and the pH was adjust to 2.85. The mixture was centrifuged at 1,500 × g for 10 min at 4
• C again, and then the supernatant was precipitated in alcohol. The PM was obtained after drying.
The average molecular weight of the polymannuronate was approx. 10 kDa (approx. 50 sugar units) as estimated by gel permeation chromatography analysis (Yang et al., 2004) . The purity of the polymannuronate was determined to be 80% by 1 H nuclear magnetic resonance (NMR) spectroscopy (Davis et al., 2003) . Detailed information about the product is available from Yang et al. (2004) or U.S. patent number 6,747,05 B2 (Byon et al., 2004) .
Birds, Diets, and Experimental Design
The Animal Welfare Committee of China Agricultural University (Beijing) approved the animal care protocol used in this experiment. A total of 540 (average BW 43.77 ± 1.29 g) 1-d-old Arbor Acres male broilers were purchased from Arbor Acres Poultry Breeding Company (Beijing). On d 1, the birds were randomly assigned to 5 treatments, with 18 chicks per cage and 6 replicate cages per treatment.
All broilers were raised in wire-floored cages in an environmentally controlled room with continuous lighting and had ad libitum access to feed and water throughout the experiment. The room temperature was maintained at 35
• C for the first 3 d, after which the temperature was gradually reduced by 3
• C a week until it reached 24
• C. This temperature was maintained until the end of the 42 d experiment. All chicks were inoculated with inactivated Newcastle disease vaccine on d 7 and 21 Diets were based on corn and soybean meal (SBM) and were supplemented with 0, 1, 2, 3, or 4 g/kg polymannuronate. The level of polymannuronate was chosen according to the unpublished results of a pilot study on broilers conducted in our laboratory. Broilers were fed starter diets from d 1 to 21 and finisher diets from d 22 to 42. All diets were fed in mash form. All nutrients contained in the basal diet met or exceeded requirements from the NRC (1994). The ingredient and chemical composition of the basal diet is shown in Tables 1  and 2 .
Collection of Performance Data
Mortality for each treatment was recorded daily; the average was less than 1%. The BW and feed consumption of broilers in each pen on d 21 and 42 after fasting for 12 h were recorded, and these values were used to calculate the ADG, ADFI, and feed conversion of the broilers for the periods between d 1 and 21, d 22 and 42, over the course of the overall experiment.
Slaughter and Sample Collection
On d 21 and 42, we chose one bird per pen with close to the average weight and euthanized it for sampling. Blood was collected (5 mL) by cardiac puncture into 10 mL anticoagulant-free Vacutainer tubes (Greiner Bio-One GmbH, Kremsmunster, Austria) and then centrifuged at 1,500 × g for 10 min at 4
• C to obtain serum. The serum samples were stored at −20
• C until required for analysis.
After blood sampling on d 42, the spleen, bursa of Fabricius, and thymus were excised and weighed in situ. Immune organ index (g/kg) was calculated as the immune organ fresh weight (g)/chicken weight (kg) before slaughter. Cecal contents was aseptically collected, immediately immersed in liquid nitrogen, and preserved at −20
• C for bacteriological and volatile fatty acid (VFA) analysis.
Chemical Analysis
Diets were analyzed according to the methods of the Association of Official Analytical Chemists (2000) for total phosphorus (method 995.11), calcium (method 927.02), and CP (method 988.05). For dietary methionine and lysine determination, samples were acid hydrolyzed with 6 M HCl, and methionine contents were determined as Met sulfone after oxidation with performic acid (method 994.12). Serum immunoglobulins (IgG, IgM, and IgA) were determined by turbidimetry with commercial kits (Sanwei Bioengineering Group Company, Weifang, China). Serum, liver, and breast samples were analyzed for glutathione (GSH) activity, glutathione peroxidase (GSH-Px), total antioxidant capacity (T-AOC), and the concentration of malondialdehyde (MDA). These were determined according to the instructions provided with the commercial assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The ultraviolet-visible spectrometer used was the TU-1901 (Puxi General Instrument Corporation, Beijing, China). The automatic biochemical analyzer was a Hitachi 7160 (Hitachi HighTech Corporation, Tokyo, Japan).
Cecal VFA concentrations were determined via gas chromatography (Agilent 7890A, Agilent Technologies, Santa Clara, CA) according to the procedures described by Shen et al. (2009) . Lactic acid was determined by the high performance anion exchange chromatography method with conductometric detection (Dionex ICS-3000) following the procedures described by Wojtczak et al. (2010) .
Microbiological Analysis
A 1 g sample was removed from the cecal contents and then serially diluted (1:10) in 9 mL aliquots of maximum recovery diluents (MRD, Oxoid, Basingstoke, UK), and spread (0.1 mL aliquots) onto selective agars. Lactic acid bacteria were isolated on de Man, Rogosa and Sharp (MRS) agar (Oxoid) with overnight (18 to 24 h) incubation at 37
• C in an atmosphere enriched with 5% CO 2 , as recommended by the manufacturer. The total aerobic bacteria and E. coli were isolated using brain heart infusion (BHI) agar (Oxoid) with 5% defibrinated sheep blood and MacConkey (MC) agar respectively, following aerobic incubation at 37
• C for 18 to 24 h. The total anaerobic bacteria were isolated using Wilkins-Chalgren anaerobe agar (Oxoid) with 5% defibrinated sheep blood and were incubated at 37
• C overnight (18 to 24 h) in an anaerobic tank (Mitsubishi Gas Chemical Company, Tokyo, Japan). All bacteria were counted and expressed as total cfu/g digesta, and results are presented as log 10 -transformed data.
Statistical Analysis
Data were subjected to ANOVA using the GLM procedure of SAS (SAS Institute Inc., Cary, NC). The linear and quadratic effects of the polymannuronate level were assessed using orthogonal polynomials. The pen served as the experimental unit. Results are reported as means plus SEM. A P-value of less than 0.05 was considered statistically significant.
RESULTS
Performance
The effects of graded levels of polymannuronate on broiler performance are presented in Table 3 . Broilers fed polymannuronate-containing diets had a higher ADG from d 1 to 21(linear and quadratic effect, P < 0.01), from d 22 to 42 (linear effect, P = 0.02; quadratic effect, P < 0.01), and d 1 to 42 (linear and quadratic effect, P < 0.01) than broilers fed a diet without polymannuronate supplementation. From d 1 to 42, the ADG of broilers fed 1, 2, 3, or 4 g/kg polymannuronate were increased by 2.58, 4.33, 4.20, and 3.47%, respectively. There was no effect on ADFI (P > 0.05) throughout the experiment. Compared with the control group, the feed conversion ratio (FCR) was better from d 1 to 21 (linear effect, P < 0.01; quadratic effect, P = 0.01), d 22 to 42 (quadratic effect, P = 0.02), and d 1 to 42 (linear and quadratic effect, P < 0.01) with increasing dietary levels of polymannuronate.
Antioxidant Capacity
The antioxidant parameters (T-AOC, GSH, GSH-Px, and MDA) of broilers are presented in Table 4 . On d 21, there was no effect on the broilers' serum, liver, and breast antioxidant capacity (P > 0.05). Compared with the control group, GSH was significantly increased (linear effect, P < 0.01; quadratic effect, P = 0.01), and GSH-Px was quadratically increased on d 42 (P < 0.01). The hepatic MDA level was significantly reduced (linear effect, P = 0.04; quadratic effect, P = 0.01), and the pectoral MDA level was also significantly reduced (linear and quadratic effect, P < 0.01) on d 42. Pectoral GSH-Px was linearly increased (P = 0.04) and tended to be quadratically increased (P = 0.06) on d 42. Despite the significant differences, most responses were of a relatively small magnitude.
Immune Status
The serum immune parameters (IgA, IgM, and IgG) and immune organs of broilers are presented in Table 5 . On d 21, there was no effect on IgA and IgG, but there were significant differences in IgM levels among the treatments. The serum IgM level of broilers fed diets containing 1, 2, 3, or 4 g/kg polymannuronate was significantly increased compared with the control group (1.57, 1.71, 1.69, and 1.68 g/L vs. 1.50 g/L; linear and quadratic effect, P < 0.01). On d 42, there was no effect on IgA, IgG, and IgM.
There was no effect on the bursa of Fabricius and spleen index. The thymus index quadratically increased (P = 0.03) and showed an increasing linear trend with increasing polymannuronate supplementation (P = 0.09). 
Cecal Microflora
The effects of polymannuronate on the cecal microflora of broilers are presented in Table 6 . Increasing levels of dietary polymannuronate resulted in reduced E. coli (linear and quadratic effect, P < 0.01) and significantly increased lactic acid bacteria (linear effect, P = 0.04; quadratic effect, P = 0.01) compared with broilers fed the control diet. There was no effect on the population of total aerobic bacteria and total anaerobic bacteria.
Cecal Volatile Fatty Acids and Lactic Acid
The concentration of VFA and lactic acid in digesta from the cecum is shown in Table 7 . At the end of the experiment, the lactic acid concentration was significantly increased (linear effect, P < 0.01; quadratic effect, P = 0.02). Broilers offered polymannuronatecontaining diets had a significantly higher concentration of acetic acid than broilers fed diets without polymannuronate (linear and quadratic effect, P < 0.01). Total VFA was linearly increased compared with broilers fed the control diet (P = 0.04).
DISCUSSION
Seaweed and seaweed extracts have been used as animal feed or feed additives for a long time. Seaweed was used in chicken diets for three main reasons: it could improve animal immune status, alter the microflora in the digestive tract, and have beneficial effects on the quality of poultry products such as meat and eggs (Zahid et al., 2001; Abudabos et al., 2013; Wang et al., 2013) .
In our investigation, supplementing broilers' diets with polymannuronate resulted in increased ADG and improved feed conversion compared with the control group. However, it had no effect on ADFI. These results are in agreement with the study conducted by Yan et al. (2011) , who found that supplementation with 0.04% sodium alginate oligosaccharide resulted in significantly higher BW following challenge with Salmonella Enteritidis. However, inclusion of seaweed in broiler finisher diets had no significant effects on chicken growth, feed intake, and FCR (Ei-Deek et al., 1987) . Supplementing broilers' diets with Norwegian kelp meal (2 or 5%) did not improve feed conversion (Wisman and Howes, 1963) . The difference in results may be attributed to factors such as amount supplemented, the purity of the seaweed extract, and differences in seaweed species. Because natural seaweed fibers are predominantly high molecular weight polymers, they pass through the gut too rapidly to allow bacterial utilization (Michel et al., 1996) . The polymannuronate used in this study was mainly composed of low molecular weight polymers, hence its utilization efficiency would likely be higher than natural seaweed fibers. The antioxidant status of the host is known to play an important role in resistance to various infections, maintenance of animal health, and productive and reproductive performance (Surai, 2002) . Recent studies have demonstrated that alginate oligomers as well as polymers have potent antioxidant activities (Tomida et al., 2010) . Alginates with molecular weight of 1 to 10 kDa exhibited higher scavenging potency than ascorbic acid and carnosine (Zhao et al., 2012) . In the current study, we observed that the antioxidant capacity of broiler chickens fed polymannuronate-containing diets was improved.
The host's immune status is known to play an important role in resisting various infections. The immunological potential of polymannuronate has been reported in several in vivo animal models (Skjåk-Braek et al., 2000) . High β-D-mannuronic acid content alginate has immunostimulating effects and is able to stimulate various functions of murine peritoneal macrophages, such as antitumor activities and phagocytosis, as well as the production of tumor necrosis factor (TNF) α, NO, and H 2 O 2 (Son et al., 2001) . Alginates containing at least 40% β-D-mannuronic acid can be used as immunostimulats to enhance innate immune resistance in mammals, birds, fish, and reptiles (Gaserod and Dessen, 2011) . Innate immunity plays a role in the immune defense, and alginates cause innate immune responses through nuclear factor-k-gene binding activation to produce interleukin-1β, interleukin-6, interleukin-12, and tumor necrosis factor-α (Yang and Jones, 2008) . Yan et al. (2011) also found that sodium alginate oligosaccharides played a direct role in the maturation of the humoral immune system and significantly increased Salmonella Enteritidis-specific sIgA levels.
The bursa of Fabricius, spleen, and thymus are important immunological organs in poultry. The bursa of Fabricius and thymus are central lymphoid organs and are involved in cellular and humoral immunity (Glick, 1978) . IgM antibodies have been known for decades to enhance humoral immune responses in an antigenspecific fashion. Based on the results of this study, supplementation of polymannuronate can improve humoral immunity.
Lactic acid bacteria, the most studied genus of probiotics, have been implicated in increasing the activity of certain innate immune functions (McCracken and Gaskins, 1999) . Furthermore, dietary supplementation with probiotic compounds is a promising means of reducing pathogen shedding because of their pathogeninhibitory effects (Akiyama et al., 1992) . The present study indicated that after polymannuronate supplementation, cecal E. coli was significantly decreased, and lactic acid bacteria were significantly increased. These effects are consistent with some reports that alginate oligosaccharides can increase the numbers of Lactobacilli and Bifidobacteria in vivo and in vitro while significantly decreasing the abundance of Enterobacteriaceae and Enterococci in rats' feces and cecal contents (Akiyama et al., 1992; Wang et al., 2006) . Dietary sodium alginate oligosaccharides can increase the cecal population of lactic acid bacteria and reduce cecal Salmonella colonization (Yan et al., 2011) . Janczyk et al. (2010) reported that dietary supplementation with alginate resulted in a higher Enterococci population in the distal small intestine, cecum, and proximal colon of weanling pigs after an 11 d administration period compared with a control diet. Further molecular biological analysis of the intestinal microbiota by denaturing gradient gel electrophoresis demonstrated that pigs fed alginate-supplemented diets had higher microbial diversity in the distal small intestine. The increase in cecal lactic acid bacteria and the reduction in cecal E. coli populations may be attributed to the prebiotic properties of the polymannuronate that is selectively fermented by beneficial microbiota.
Changes in bacterial community structure reflect changes in VFA concentrations. A Bacteroides-related organism was suggested to be mainly responsible for the fermentation of alginate (Seon et al., 2014) . Additionally, Clostridium-related organisms were assumed to be involved in fermenting alginate into VFA, in particular, acetate and butyrate (Seon et al., 2014) . VFA are responsible for the reduction in numbers of Enterobacteriaceae, and significant negative correlations were observed between numbers of Enterobacteriaceae and acetate in the ceca of broiler chickens during growth (Van der Wielen et al., 2000) . To be brief, the production of lactic acid and VFA can lower the intestinal pH to create an environment unsuitable for harmful bacteria (Savage, 1991) . The current study indicates that after polymannuronate supplementation, cecal lactic acid and acetic acid concentrations were increased compared with the control group.
In conclusion, supplementation of polymannuronate in broiler chicken diets can stimulate the activity of beneficial cecal microbiota and result in increased production of lactic acid and VFA. The results indicate that polymannuronate has the potential to improve immune status, antioxidant capacity, and performance of broiler chickens.
